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Summary 
The coagulation cascade has a potential role in brain edema for- 
mation due to intracerebral hemorrhage. In this study blood and 
other solutions were injected stereotactically into the right basal 
ganglia in rats. Twenty-four hours following injection, brain water 
and ion contents were measured to determine the amount of brain 
edema. Intracerebral blood resulted in an increase in brain water 
content. The amount of brain edema surrounding the intracerebral 
hematoma was reduced by a thrombin inhibitor Nct-(2-Naphtha- 
lenes ulfonylglycyl)-4-amidino-DL-phenylalaninepiperidide, (c~- 
NAPAP) infused into the hematoma after the clot had been allowed 
to solidify. The inhibitor did not alter the actual size of the clot 
mass. An artificial clot composed of fibrinogen, thrombin, and sty- 
rene microspheres also produced brain edema. A fibrin clot led to 
edema formation even in the absence of mass effect provided by the 
microspheres. The single component responsible for production of 
brain edema in all these models was thrombin. The edema was 
formed in response to a fibrinogen independent pathway. These 
results indicate that the coagulation cascade is involved in brain 
edema that develops adjacent to an intracerebral hematoma. 
Keywords: Brain edema; brain water; coagulation cascade; 
fibrinogen; Nc~-(2-Naphthalenesulfonylglycyl)-4-amidino-DL- 
phenylalaninepiperidide; c~-NAPAP; rat; thrombin. 
Introduction 
Many patients deteriorate after an intracerebral 
hemorrhage because of the secondary formation of 
brain edema. A hematoma in the brain may produce 
edema through either chemical toxicity or mass effect 
or both. The hematoma and its associated edema com- 
bine to cause focal ischemia and intracranial hyper- 
tension. 
In order to investigate the injury produced by a 
hematoma, various animal models have been devel- 
oped [6-8, 16, 17, 23, 24]. Hematomas have been 
produced using several techniques, including direct 
injection of blood into the brain, disruption of an 
intracerebral artery, and diversion of blood flow from 
a peripheral artery into the brain through flexible 
catheters. In addition to blood, other substances have 
been placed in the brain to mimic the mass effect of a 
hematoma, including microballoons, silicone, saline, 
paraffin, and plasma clots. 
These studies have implicated several different 
blood components in the pathogenesis of brain edema 
from intracerebral hemorrhage. Recent investigations 
indicate that the clotting factor, thrombin, produces 
brain edema through chemical toxicity [9]. Converse- 
ly, hirudin, a naturally occurring thrombin inhibitor, 
blocks brain edema formation due to intracerebral 
hemorrhage [10, 11]. 
In this study, the effect of a synthetic thrombin 
inhibitor, Nc~-(2-Naphthalenesulfonylglycyl)-4-ami- 
dino-DL-phenylalaninepiperidide (a-NAPAP), on 
brain edema from intracerebral hemorrhage was 
investigated. In addition, an artificial clot produced 
from thrombin, fibrinogen and synthetic micro- 
spheres was developed to serve as a model of brain 
injury due to intracerebral hemorrhage. This model 
was used to determine whether the edema response 
due to thrombin is dependent on the presence of 
fibrinogen. 
Materials and Methods 
General Preparation 
Seventy-four adult male Sprague Dawley rats (Charles River, 
Portage, MI) were each anesthetized in a closed chamber with 5% 
isofiurane. A 16 gauge catheter was inserted orally into the trachea, 
and the rats were ventilated with a Harvard rodent ventilator using 
a mixture of room air (oxygen 21%, nitrogen 76-77%) and isoflu- 
rane (2-3%). A catheter was inserted into the femoral artery. The 
arterial blood pressure was monitored continuously and titrated 
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with isoflurane to maintain a mean pressure of 100 mm Hg. Arteri- 
al blood was obtained from the femoral artery catheter for blood 
gas analysis and intracerebral injection. The ventilator rate, tidal 
volume, and inspired gas concentrations were adjusted to maintain 
normal blood oxygen (02 saturation > 95%) and carbon dioxide 
tensions (pCO2 = 35-45 mm Hg). Body temperature was main- 
tained at 37.5 ~ using a rectal thermometer and a feedback-con- 
*.rolled heating pad. 
Zntracerebral Injection 
In a stereotactic frame, a 1 mm burr hole was drilled in the skull 
near the right coronal suture 3 mm lateral to the bregma. Solutions 
were infused into the right basal ganglia using a Harvard pump 
(coordinates; 0.2 mm anterior, 6.0 mm ventral, and 3.0 mm lateral 
to the bregma). The rate of infusion was 10 lul per minute. During 
the infusion, the brain was observed through the brat hole and no 
significant back flow of fluid was noted among the animals in this 
study. 
The incisions were closed with suture. The inhalational anes- 
thetic was discontinued and the animals were extubated. The rats 
were allowed to recover and given food and water. 
Animal Groups 
Part one. In the first part of the study four groups of animals 
were examined. Fifty btl of blood or saline were injected through a 
26 gauge needle, the needle was removed, and 5 minutes allowed 
for clotting. A second 26 gauge needle was inserted along the same 
coordinates and 20 ul of saline or thrombin inhibitor were injected. 
A sham + saline group (n = 6) received 70 pl of saline. A sham + c~- 
NAPAP group (n = 6) received 50 bll of saline and 20 pl of 0.2 mM 
Na-(2-Naphthalenesulfonylglycyl)-4-amidino-DL-phenylalanine- 
piperidide (c~-NAPAP), a synthetic thrornbin inhibitor (Sigma 
Chemical Co., St. Louis, MO). A hematoma + saline group (n = 7) 
received 50 ul of blood and 20 pl of saline. A hematoma + c~- 
NAPAP group (n = 8) received 50 Fal of blood and 20 ul of 0.2 mM 
ct-NAPAP. 
Part two. In the second part of the study, six groups of animals 
were examined. Solutions were infused simultaneously through 
two side by side needles (26 and 30 gauge). A blood clot group (n = 
5) received 50 ol of autologous blood and 10 ul of saline simulta- 
neously through the double-needle infusion system. An artificial 
clot group (n = 6) received a 50 ~1 injection of 40% (volume/vol- 
ume) styrene microspheres (Bangs Laboratories, Inc, Carmel, IN) 
with a mean diameter of 14.6 microns mixed with fibrinogen (Sig- 
ma Chemical Co., St, Louis, MO) through one needle in the dou- 
ble-needle system. The fibrinogen concentration was equivalent to 
the amount found in normal blood (200-250 mg/dL). Ten ~al (20 
units) of bovine thrombin (Johnson and Johnson Medical Inc, 
Arlington, TX) was infused simultaneously through the second 
needle. The quantity of thrombin used was equal to the amount pro- 
duced from the total conversion of prothrombin to thrombin in 
50 ~al of whole blood (300-360 units/ml of plasma) [1, 22]. The 
styrene microspheres were used to simulate the mass effect of red 
blood cells. The components of the artificial clot were each then 
studied. A vehicle group (n = 6) received 50 ~al of saline and 10 ~1 
of a solution containing 194 mM NaC1, 14 mM CaC12, 1.2% gly- 
cine (weight/volume), and 5% bovine serum albumin (weight/vol- 
ume) through the double-needle system. The composition of this 
solution was identical to the additives present in the commercial 
thrombin formulation used in these experiments. The fibrinogen 
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group (n = 5) received 50 ,ul of fibrinogen (200-250 mg/dL) in nor- 
mal saline [19]. The thrombin group (n = 6) received 10 ul of 
bovine thrombin (20 units). The final group (n = 8) received a dou- 
ble-needle infusion of 50 ~ 1 of fibrinogen (250 mg/dL) and 10 bt I of 
bovine thrombin (20 units). 
Determination of Brain Water and Ion Contents 
The rats were sacrificed by decapitation 24 hours following the 
intracerebral infusion. The brains were removed. A coronal slice 
3 mm from the frontal pole was cut approximately 4 mm thick. 
This section of brain was divided along the midline. Tissue samples 
were weighed wet and dry (24 hours at 105 ~ to determine water 
content. The dehydrated samples were digested in 1 mI of 1 M 
nitric acid. Sodium and potassium contents were determined by 
flame photometry (IL943 Automatic Flame Photometer, Instru- 
mentation Laboratory, Inc, Lexington, MA), and chloride content 
by a chloridometer (Model 442-5000, Haake Buchler Inc, Saddle- 
brook, NJ). The water and ion contents of the ipsilateraI hemi- 
spheres were compared. 
Hemoglobin Assay 
The hemoglobin content of whole blood and intracerebral 
hematornas was measured spectrophotometrically [5] in animals 
receiving a 50 gl intracerebral injection of blood + 20 ul of saline 
(n = 5) or a 50 pl injection of blood + 20 pl of 0.2 mM a-NAPAP 
(n = 6). The animals were prepared as described above. Blood was 
removed from the femoral artery catheter and divided into three 
20 ul samples. The animals were sacrificed within an hour of the 
intracerebral injections. The brains were removed and the clot sep- 
arated from the brain. The hematomas were each mixed with 5 ml 
of Drabkin's reagent (Sigma Chemical Co, St. Louis, MO) in a 
cuvette to form cyanmethemoglobin from hemoglobin. The 20 ~al 
samples of whole blood were also mixed with this reagent. The 
absorbance of cyanmethemoglobin at 540 nm was measured with a 
spectophotometer. A standard curve was produced using a hemo- 
globin standard (Sigma Chemical Co, St. Louis, MO). 
Statistical Analysis 
Differences between groups of rats in water and ion contents 
were analzyed using the Student's t-test and Dunnett t-test as indi- 
cated. A probability value of less than 0.05 was used to indicate a 
significant difference. 
Results 
The groups of rats did not differ significantly in 
any of the measured physiologic parameters. Normal 
blood gas and blood pressure values were recorded in 
all groups. 
P a r t  O n e  
T h e  i m p o r t a n c e  o f  t he  c o a g u l a t i o n  c a s c a d e  in b r a i n  
e d e m a  f o r m a t i o n  was  s t u d i e d  d i rec t ly .  Ra t s  w i th  
i n t r a c e r e b r a l  h e m a t o m a s  w e r e  t r e a t e d  w i t h  an i n j e c -  
t ion  o f  R - N A P A R  Th i s  t h r o m b i n  i n h i b i t o r  w a s  i n j ec t -  
ed  in to  the  c lot .  T h e  i n j e c t i o n  w a s  m a d e  5 m i n u t e s  
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Table 1. Clot and Blood Hemoglobin 
Clot hemoglobin Blood hemoglobin 
(rag) (mg/dL) 
Hematoma + saline 4.5 _+ 0.5 13.5 + 1.4 
Hematoma + c~-NAPAP 4.5 +_ 0.6 13.5 _+ 0.5 
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Fig. 1. Water  content in the hemisphere  ipsilateral to the site of  
intracerebraI injection of saline or c~-NAPAP in groups with and 
without intracerebral hematomas.  The values shown are means  _+ 
standard errors of  the means.  *P < 0.005. The Student 's  t-test (two- 
tailed) was used for comparison 
following placement of the hematoma in order to 
allow the clot to first solidify. 
The total hemoglobin in the intracerebral hemato- 
mas in both the group receiving c~-NAPAP and the 
animals receiving saline was compared in order to 
determine the relative volume of the clots (Table 1). 
No difference in the hemoglobin content of the blood 
clots between groups was noted. Since the hemoglo- 
bin concentration in the blood was the same in both 












Fig. 2. Water content in the hemisphere ipsilateral to the placement 
of  an intracerebral blood clot or an artificial clot. The artificial clots 
were composed of  styrene microspheres,  fibrinogen, and thrombin. 
The values shown are means  _+ standard errors of  the means.  The 
Student 's  t-test (two-tailed) was used for comparison 
clots indicated that the clot mass was not significant- 
ly different in the two groups. This confirmed that the 
infused volumes  were equivalent and that the c~- 
NAPAP did not affect clot size. 
Alpha-NAPAP prevented the increase in brain 
water (Fig. 1) as well  as the ion changes (Table 2) in 
the brains of  rats with hematomas.  Increases in brain 
water were accompanied by an increase in sodium 
and chloride, and a decrease in potassium. In the 
absence of  a hematoma,  c~-NAPAP had no effect on 
water or ion content. The coagulation cascade, there- 
fore, appeared to be involved in edema formation 
with intracerebral blood. Since the clot sizes were 
equivalent the reduction in brain edema was due to a 
chemical  mechanism,  not mass effect. 
Part Two 
The experiments in part one demonstrate that 
thrombin in blood produces brain edema. The edema 
may be either a direct effect of thrombin or may be 
Table 2. Brain Ion Contents in the lpsilateral Hemisphere 
Sodium (~Eq/g dry wt) Potassium (~aEq/g dry wt) Chloride (~Eq/g dry wt) 
Sham + Saline 216 + 11 457 + 14 158 + 9 
Sham + c~-NAPAP 248 + 13 433 + 11 187 + 12 
Hematoma + Saline 469 + 20 369 _+ 14 331 + 11 
Hematoma + c~-NAPAP 284 + 20* 407 + 14" 213 + 11" 
Values are mean  + SEM. *P < 0.005. Comparisons  performed using Student 's  t-test (two-tailed). 
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+ 
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Fig. 3. Water content in the hemisphere ipsi!ateral to the placement 
of  various factors of  the coagulation cascade. The values shown are 
means  + standard errors of  the means.  *P < 0.05. The Dunnett  t-test 
(two-tailed) was used for comparison of the treated groups to the 
vehicle group 
due to its interaction with fibrinogen. Fibrinogen 
either in combination with thrombin or alone may be 
involved in edema formation. 
In order to determine if the edema-effect of throm- 
bin is fibrinogen-dependent or not, an artificial clot 
was used. The clot contained physiologic amounts of 
thrombin and fibrinogen and included styrene micro- 
spheres to produce a sustained mass effect. The same 
amount of brain edema was produced in the hemi- 
sphere ipsilateral to the site of injection in the group 
of animals receiving the artificial clot as the group of 
animals receiving blood clots (Fig. 2). This model, 
using an artificial clot, simulated the edema-response 
of blood. 
The components of the artificial clot were exam- 
ined to determine if the edema due to thrombin was 
dependent on the presence of fibrinogen or not 
(Fig. 3). Fibrinogen alone did not produce brain ede- 
ma. On the other hand, thrombin produced a large 
amount of brain edema when administered alone. 
Thrombin and fibrinogen together also produced ede- 
ma, but to no greater degree than thrombin alone. 
These findings indicate that the edema associated 
with thrombin is fibrinogen-independent. 
An infusion of 10 pl of thrombin produced the 
same amount of brain edema as the artificial clot con- 
taining microspheres, fibrinogen and thrombin (throm- 
bin, 4.42 + 0.20 versus artificial clot, 4.28 + 0.04). 
The edema therefore was totally accounted for by the 
chemical effect of thrombin. Mass effect did not 
appear to contribute significantly to the brain edema 
from the artificial clot. 
Discussion 
In this study the coagulation cascade was shown to 
be a source of brain edema. Alpha-NAPAP, a potent 
and specific inhibitor of thrombin [12, 14, 20], 
reduced the amount of brain water and ion changes 
when infused following placement of a bloot clot. 
AIpha-NAPAP did not influence clot size and there- 
fore did not affect brain edema by a change in mass 
effect. These results, along with previous studies 
using hirudin [10, 11], indicate that thrombin is pri- 
marily involved in the brain edema that develops 
around an intracerebral hematoma. 
An artificial clot simulating coagulation and mass 
effect from a blood clot was shown to produce the 
same amount of brain edema as a hematoma of simi- 
lar size. The edema formed from this moderate-sized 
artificial clot in the rat brain was due primarily to 
chemical toxicity. 
Whether the thrombin effect was fibrinogen- 
dependent or independent was then tested. Thrombin 
is a serine protease produced from prothrombin [19]. 
The final common pathway of the coagulation cas- 
cade involves the conversion of fibrinogen to fibrin 
through the enzymatic activity of thrombin. We found 
that thrombin alone and in combination with fibrino- 
gen produced brain edema. Fibrinogen alone, howev- 
er, did not cause edema formation. We conclude 
therefore that thrombin causes brain edema through a 
fibrinogen-independent pathway. 
The precise mechanism by which thrombin pro- 
duces brain edema is unknown. Studies have shown 
that the brain and spinal cord have a large number of 
thrombin binding sites [15]. Thrombin modulates 
endothelial cell permeability through receptor-medi- 
ated pathways and may, as a consequence, affect the 
blood-brain barrier directly [4, 13]. Brain edema for- 
mation then follows. In cerebral arteries, thrombin 
causes vasoconstriction which may produce ischemia 
and secondary brain edema formation. Thrombin 
receptors are also present on neurons and glia which 
may produce direct cell injury when activated. 
Thrombin contributes to cell damage by causing 
retraction of cell processes of neurons and glia [21]. 
Finally, an inflammatory response due to thrombin 
has been demonstrated in the brain, which includes 
induction of mitosis, chemotaxis of leukocytes, pro- 
duction of adhesion molecules, platelet aggregation, 
and cytokine release [2, 3, 18]. 
Inhibition of thrombin activity in a cerebral hema- 
toma limits brain edema formation around the clot. 
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The  art if icial  b lood  clot  p roduced  f rom thrombin,  
f ibr inogen,  and synthet ic  mic rospheres  s imulates  the 
edema  format ion  due to a hema toma ,  and serves as a 
rel iable  mode l  for  the mass  ef fec t  and chemica l  toxic-  
ity of  blood.  Study of  the componen t s  o f  the clot  
shows that the edema  effect  o f  th rombin  is f ibr ino-  
gen- independent .  The  current  study supports the con-  
cept  that the coagula t ion  cascade  in general  and 
th rombin  speci f ica l ly  play a key  role  in edema  forma-  
t ion r e su l t i ng  f rom intracerebral  hemorrhage .  Ident i -  
f icat ion o f  the precise  mechan i sms  by which  throm-  
bin causes the fo rmat ion  o f  brain edema  wil l  require  
further  study. 
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Comments 
This is another experimental work from a group of investigators 
that made relevant contributions to our understanding of the factors 
leading to brain oedema development following spontaneous intra- 
cerebral haemorrhage. 
They assume that brain oedema is not only related to the local 
mass effect (dynamic forces) caused by the clot, but also to the 
release of clot-derived toxic factors which spread into the adjacent 
brain tissue. In the present work they analysed the possible role 
played by the coagulation cascade in the formation of brain oede- 
ma. From a series of well-planned experiments they conclude that 
thrombin is the single component responsible for oedema forma- 
tion. This action is through a fibrinogen-independent pathway. 
They have also shown that a specific thrombin inhibitor (alpha- 
NAPAP) significantly reduces the amount of water and ion changes 
in the surrounding brain tissue. Though the intimate mechanism by 
K. R. Lee etal.: The Rote of the Coagulation Cascade in Brain Edema Formation 401 
which thrombin causes brain oedema remains unknown it is clear 
that the present findings are of clinical significance. 
R. D. Lobato 
The information that thrombin is responsible for brain oedema 
around an intracerebral haemorrhage is important. It brings the 
reader to several comments as: 
- If thrombin affects the blood-brain barrier, this effect could 
be evaluated using the familiar blood-brain barrier indicators. 
- Neurosurgeons currently use thrombin with fibrinogen as a 
get in a wound cavity in order to prevent a postoperative bleeding. 
Is this an appropriate procedure? What is the smallest quantity of 
thrombin, sufficient to start the coagulation cascade, but: not 
enough to produce brain oedema? 
This would require dose-effect studies for tbrombin. 
K. G. Go 
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